Assessment of programmed cell death ligand 1 (PD-L1) immunohistochemical staining is used for decision on treatment with programmed cell death 1 and PD-L1 checkpoint inhibitors in lung adenocarcinomas and squamous cell carcinomas. This study aimed to compare the staining properties of tumor cells between the antibody clones 28-8, 22C3, SP142, and SP263 and investigate interrater variation between pathologists to see if these stainings can be safely evaluated in the clinical setting. Using consecutive sections from a tissue microarray with tumor tissue from 55 resected lung cancer cases, staining with five PD-L1 assays (28-8 from two different vendors, 22C3, SP142, and SP263) was performed. Seven pathologists individually evaluated the percentage of positive tumor cells, scoring each sample applying cutoff levels used in clinical studies: o 1% positive tumor cells (score 0), 1-4% (score 1), 5-9% (score 2), 10-24% (score 3), 25-49% (score 4), and 450% positive tumor cells (score 5). Pairwise analysis of antibody clones showed weighted kappa values in the range of 0.45-0.91 with the highest values for comparisons with 22C3 and 28-8 and the lowest involving SP142. Excluding SP142 resulted in kappa 0.75-0.91. Weighted kappa for interobserver variation between pathologists was 0.71-0.96. Up to 20% of the cases were differently classified as positive or negative by any pathologist compared with consensus score using ≥ 1% positive tumor cells as cutoff. A significantly better agreement between pathologists was seen using ≥ 50% as cutoff (0-5% of cases). In conclusion, the concordance between the PD-L1 antibodies 22C3, 28-8 and SP263 is relatively good when evaluating lung cancers and suggests that any one of these assays may be sufficient as basis for decision on treatment with nivolumab, pembrolizumab, and durvalumab. The scoring of the pathologist presents an intrinsic source of error that should be considered especially at low PD-L1 scores.
Checkpoint inhibitors targeting programmed cell death 1 (PD-1) and programmed cell death ligand 1 (PD-L1) proteins are the latest addition to the treatment arsenal in lung cancer. Clinical trials have shown better survival for patients treated with PD-1/ PD-L1 inhibitors compared with chemotherapy, especially for squamous cell carcinomas and for adenocarcinomas positive for PD-L1 assessed with immunohistochemical staining. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In the clinical studies, various antibodies for immunohistochemical staining for PD-L1 have been used for the different drugs; clone 28-8 for nivolumab, 22C3 for pembrolizumab, SP142 for atezolizumab and SP263 for durvalumab. So far, nivolumab, pembrolizumab and atezolizumab have all been approved by the US Food and Drug Administration for treatment of advanced lung cancer including squamous cell carcinomas and adenocarcinomas, while the 28-8 and 22C3 pharmDx/Dako and SP142 and SP263 Ventana laboratory tests have been approved for immunohistochemical testing. In addition to different antibody clones, two different staining platforms and several different cutoff levels (1, 5, 10, 25 , and 50%) for positive staining have been used in the studies. Also, for SP142 lymphocytes are evaluated in addition to tumor cells.
In the recently published Blueprint PD-L1 Immunohistochemistry Assay Comparison Project, 39 lung cancer cases were stained with the four PD-L1 immunohistochemistry assays as used in the clinical trials. All cases were evaluated independently by three vendor-associated expert pathologists. The conclusion was that despite similarities (especially between 28-8, 22C3, and SP263), interchanging assays and cutoffs will lead to 'misclassification' of cases. 11 However, the use of four different tests each linked to a specific treatment not only leads to increased cost and time spent on each case, but also to increased use of tissue that, since small biopsies and cytology is often the only specimen for lung cancer patients, may be needed for other treatment predictive molecular analyses.
Furthermore, evaluation of PD-L1 immunohistochemical staining may be difficult. Macrophages often exhibit membranous staining and may be misinterpreted as cancer cells in tissue samples from the lung. Also, unspecific cytoplasmic staining may occur, and weak partial membranous staining of tumors cells count as positive but may be difficult to detect. The mentioned difficulties are especially troublesome when a very limited proportion of tumor cells such as 1% is sufficient for a positive test, as is the case for some markers, and may lead to significant interobserver variation.
With this background, the aim of the present study was to compare the staining properties of tumor cells between the four antibody clones 28-8, 22C3, SP142, and SP263. Furthermore, the aim was to investigate interrater variation between several different pathologists to see if these stainings can be safely evaluated in the clinical setting. Staining of consecutive sections from tissue microarrays is ideal for such comparisons and has been used in the present study. A secondary aim was to investigate if a correlation could be seen between mRNA levels of the PD-L1 gene (CD274) and the protein expression measured with immunohistochemical staining.
Materials and methods

Study Material
Patient samples were selected from the Uppsala Lung Cancer Cohort, a consecutive tissue collection of lung cancer cases surgically treated at the Uppsala University between the years 2006 and 2010. 12 Tumor areas from 58 blocks of formalin-fixed paraffin-embedded tissue were selected to compile a single tissue microarray. Each of the 58 cases was represented by two 1 mm cores. As three cases did not present sufficient tumor cells (o 100) on the sections of the tissue microarray, they were excluded from the analysis. Patient characteristics are presented in Table 1 . All cases were annotated in accordance with the 4th edition of the WHO classification system. 13 The study was conducted in adherence to the Declaration of Helsinki and approved by the regional ethical review boards in Uppsala (Dnr 2012/532).
Immunohistochemical Staining and Evaluation
Consecutive 4 μm thick sections from the tissue microarray were pretreated and stained with the PD-L1 antibodies 28-8 and 22C3 from pharmDx on a Dako Autostainer PT Link 48 with EnVision DAB Detection System (Agilent/Dako, Santa Clara, CA, USA) and the SP142 and SP263 from Ventana on a Ventana Benchmark Ultra with OptiView Universal DAB Detection Kit (Ventana Medical Systems, Tucson, AZ, USA), respectively, in accordance with the manufacturers' instructions. In addition, PD-L1 clone 28-8 from Abcam (Cambridge, UK), hereafter denoted 28-8A, was used for staining on the Ventana Benchmark Ultra with OptiView Universal DAB Detection Kit (dilution 1:100, incubation time/temperature 32 min/36 dgr, pretreatment with Ventana Cell Conditioning 1 pH 8, heating time/temperature 32 min/100 dgr). Tonsil tissue was included as positive control for low expression (macrophages in germinal centers) and high expression (crypt epithelium) for all assays. Controls provided with the pharmDx/Dako 28-8 and 22C3 assays (sections from cellblocks with PD-L1 positive and negative cell lines) were also included in each run for these assays, in accordance with the manufacturers' instructions. For 28-8A, placental tissue was included as control in addition to tonsil.
All slides were independently evaluated by three board certified pathologists (MG, PM, and SWF) and three senior resident pathologists (AP, HB, and MM) working with thoracic pathology on a daily basis and also by one junior resident pathologist (AJ). Four of the participants were formally trained in evaluating the PD-L1 22C3 assay by Targos/Dako/NordiQC The raw sequencing data were mapped to the human reference genome (GRCh37) and the Ensembl version 73 gene annotation using TopHat version 2.0.8b. 15, 16 Values for gene fragments per kilobase of transcript per million mapped reads were calculated from the generated alignments using Cufflinks version 2.1.1. Raw read counts were calculated using featureCounts from the Subread package version 1.4.0-p1. 17 
Statistical Analysis
Weighed kappa (linear weight) was used for interrater variability. For each case, a consensus score was calculated for each staining based on the score of the majority of observers, that is, four or more pathologists in agreement. If there was no majority (5% of the cases), the median score, here also equal to the mean in all these cases, was applied instead. Weighed kappa (linear weight) was then used to assess variability between assays. Furthermore, to assess differences in positive and negative cases between cutoffs, antibody clones and pathologists, Kruskal-Wallis test and Mann-Whitney U-test were used (based on a non-normal distribution). Correlations between mRNA levels and immunohistochemistry scores (consensus scores for each assay) were investigated using Spearman's rank correlation coefficient. A P-value of o 0.05 was considered statistically significant. The Spearman's rank correlations were performed using the R version 3.2.1 (R Core Team, 2015) . The other statistical analyses were performed using MedCalc for Windows, version 14.12.0 (MedCalc Software, Belgium).
Results
Staining Pattern in the Study Population
The study population included 55 lung cancer cases comprised of 29 adenocarcinomas, 23 squamous cell carcinomas, 2 large cell carcinomas, and 1 large cell neuroendocrine carcinoma. Patient characteristics are presented in Table 1 and were not significantly different compared with the whole Uppsala Lung Cancer Cohort. One squamous cell carcinoma case was not evaluable for 28-8A due to missing cores on the slide. All other cases were evaluable for all five assays.
For consensus score, four or more pathologists were in agreement in 261 of 274 (95%) of scored cases (55 cases, 5 assays, one case not evaluable for 28-8A). In the remaining 13 cases (5%), the median score was basis for the consensus score. Five or more pathologists were in agreement for 237 (86% of 274) of the cases.
Depending on assay, 16-44% of the cases showed a PD-L1 positivity of ≥ 1% tumor cells (based on consensus score), see Table 2 . Comparative images of representative and discordant cases are found in 
Variation in Scoring Between Pathologists
Interobserver variation between pathologists, measured by weighted kappa in pairwise analyses, was in the range 0.71-0.96. See Table 3 With Kruskal-Wallis and pairwise Mann-Whitney U-tests, the kappa values were significantly higher for SP142 compared with SP263 and 28-8, while the kappa values for 22C3 and 28-8A were also significantly higher than those for SP263 (all P o 0.013). The individual pathologists' scoring was compared with consensus. Using ≥ 1% stained tumor cells as cutoff for a positive test, 0-11 (0-20%) of the cases (median 3 cases; mean ± s.d. 3.2 ± 2.3) were differently classified as positive or negative by any one pathologist in comparison with consensus. The corresponding figure using ≥ 50% stained tumor cells as cutoff was 0-3 cases (0-5%; median 1 case; mean ± s.d. 1.0 ± 0.80). See Table 4 for details on each assay and pathologist. For the other cutoff levels, the figures were 0-6 cases (0-11%; median 1 case; mean ± s.d. 1.5 ± 1.4) for cutoff ≥ 5%, 0-6 cases (0-11%; median 1 case; mean ± s.d. 1.4 ± 1.6) for cutoff ≥ 10%, and 0-3 cases (0-5%; median 1 case; mean ± s.d. 0.9 ± 0.9) for cutoff ≥ 25%, respectively.
The variation in number of differently classified cases by any one pathologist compared with consensus was statistically significant between cutoffs (Kruskal-Wallis test; not separated for different assays). Using pairwise Mann-Whitney U-tests, the number of differently classified cases was significantly higher for the ≥ 1% cutoff than every other cutoff (all P o 0.0001). No other statistically significant differences were seen.
The variation in number of differently classified cases by any one pathologist compared with consensus was also statistically significant between assays (Kruskal-Wallis test; not separated for different cutoffs). Using pairwise Mann-Whitney U-tests, the number of differently classified cases was significantly lower for the SP142 assay than for the SP263, 28-8, and 28-8A assays (all P o 0.02). Also the 22C3 and 28-8A assays had a significantly lower number of differently classified cases than SP263 (both P o 0.03). No other statistically significant differences were seen.
There was no obvious association between experience (specialist vs resident and formal PD-L1 training vs no training) and either high kappa value for interobserver variation or number of cases in agreement with consensus score.
Variation in Scoring Between Assays
In the next step, the variation between the different PD-L1 assays was assessed. The number of positive cases in the study population and depending on histological type, using ≥ 1% and ≥ 50% as cutoff for a positive test, is presented for each assay in Table 2 .
Weighted kappa values between the five assays based on the consensus score for each case are presented in Table 5 . As seen, the kappa values were in the range 0.45-0.91. The highest kappa values were seen for comparisons between 28-8, 22C3, and 28-8A (0.88-0.91), while the lowest values were seen for comparisons involving SP142 (0.45-0.63).
Using ≥ 1% stained tumor cells as cutoff for a positive test, 3-8 of the 55 cases (5-15%; median 4.5 cases) were differently classified as positive or negative when comparing any two assays excluding SP142. Agreement was higher using the ≥ 50% cutoff with only 1-3 of 55 cases (2-5%; median 2 cases) differently annotated. See Figure 3 for details. The number of differently classified cases was significantly lower using ≥ 50% cutoff than the ≥ 1% cutoff (Mann-Whitney U-test, P o 0.01). Corresponding figures for both the ≥ 10% and ≥ 25% cutoffs were 0-4 cases (0-7%; median 2 and 1.5 cases, respectively), while the number of differently classified cases was 2-8 (4-15%; median 5 cases) for the ≥ 5% cutoff.
Correspondingly, when comparing two assays whereof one being SP142, 7-15 of the 55 cases (13-27%; median 11 cases) were differently classified as positive or negative using ≥ 1% stained tumor cells as cutoff for a positive test. The figure for the ≥ 50% cutoff was 7-10 cases (13-18%; median 8 cases), while the lowest number of differently classified cases (4-8 cases; 7-15%; median 7 cases) was seen for the ≥ 25% cutoff when comparing SP142 with any other assay.
Correlation of PD-L1 Scores with MRNA Levels
RNAseq data was available for 35 of the 55 cases represented on the tissue microarray. When the con- 
Discussion
Checkpoint inhibitors targeting the immune regulatory molecules PD-1 and PD-L1 have now been approved for treatment of the main lung cancer types in advanced stage. For the majority of these novel drugs, the best predictor of response is PD-L1 expression in patients' tumor tissue. In this study, we examined five different PD-L1 assays on 55 lung cancer cases that were independently annotated by seven pathologists. We demonstrated relatively good concordance using the clones 22C3, 28-8 and SP263 both as provided diagnostic tests as well as the in house protocol using clone 28-8 on the Ventana system. Not unexpected, the clone SP142 did show the highest deviation from the reference scores. 11 However, SP142 is intended for evaluation of tumor associated immune cells in addition to tumor cells, which is a different analytical concept compared with the other tests, and the comparison of SP142 to other assays should be interpreted with caution. Furthermore we demonstrated a relatively good interrater agreement for PD-L1 scoring between the pathologists, independent of training and professional education. Still, pathologists are a significant source of variability in the assessment of PD-L1 expression. Up to 20% of the cases were differently classified as positive or negative depending on the pathologist and used cutoff for a positive test. This is important to keep in mind if elaborate efforts to harmonize PD-L1 assays are to be undertaken.
One of the main strengths of the present study is its clinical applicability. It involved several pathologists working with thoracic pathology at different centers and with different levels of experience. All assays used in clinical trials were performed in the clinical routine within the local pathology departments. Table 4 The number of cases classified as positive and negative by individual pathologists compared to consensus, with data on each assay separately and for two different cutoffs (≥1% and ≥ 50%) for a positive test +  11  0  10  0  12  0  3  1  11  1  -0  44  0  45  1  42  0  51  0  42  MG  +  10  0  9  0  10  0  1  0  8  0  -1  44  1  45  3  42  2  52  3  43  MM  +  11  1  10  0  12  0  3  1  10  1  -0  43  0  45  1  42  0  51  1  42  AP  +  10  0  9  0  13  0  3  1  9  0  -1  44  1  45  0  42  0  51  2  43  HB  +  11  0  10  0  12  0  3  0  11  0  -0  44  0  45  1  42  0  52  0  43  SWF  +  10  0  9  0  11  0  2  0  10  1  -1  44  1  45  2  42  1  52  1  42  AJ  +  11  1  9  0  13  0  3  1  11  1  -0  43  1  45  0  42  0  51  0  42 Note: 28-8 pharmDx/Dako, 28-8A Abcam; only 54 of the 55 cases were evaluable on the slide stained with 28-8 from Abcam. Also, all relevant cutoffs were evaluated with comprehensive data on interrater and interassay variation presented.
Tissue microarray is probably the best choice for method comparisons and investigation of interrater variation, but confirmation using biopsies and cytological specimen would also be preferable, as would an even larger study population. The number of cases was especially limited in the mRNA analysis, and these results must be interpreted with caution. Also, if interrater variation between pathologists created artefactual differences between the antibody clones, it could have affected the comparisons between assays. However, 95% of the consensus scores derived from the independent score of a majority of pathologists, which limits the risk. Furthermore, the experience of PD-L1 evaluation among the involved pathologists increased during the course of the study, but as all the pathologists were familiar with PD-L1 evaluation and did not evaluate the slides in the same order, it probably did not significantly influence the results.
Our data supports that the variation between the 22C3, 28-8, and SP263 assays is limited and comparable to differences between, for example, immunohistochemistry and fluorescence in situ hybridization for anaplastic lymphoma kinase, two assays today regarded as similar enough for either one to be used. [18] [19] [20] [21] It is noteworthy that there was some variation between the assays concerning interrater agreement between pathologists. For SP142, the many obviously negative cases may have been an important factor for the high kappa values for this antibody clone (interrater agreement for scoring lymphocytes was not investigated). In our opinion, clone 28-8 exhibited slightly more cases with unspecific cytoplasmic staining, and the antibody from Abcam somewhat more so than the Dako assay (Figure 1 ). This may perhaps cause more interrater variation.
The highest interrater variability was observed for the ≥ 1% cutoff, with up to 20% of the cases classified differently between any one pathologist and consensus. In this perspective, it seems that immunohistochemistry for PD-L1 at the present may not be a solid test for treatment decision if the ≥ 1% cutoff is used for a positive test. All involved pathologists were well aware of macrophages being a pitfall in evaluation of PD-L1, but this may still have caused trouble. Also, different interpretation of very few or sometimes even single cells may lead to a case being classified as positive instead of negative or vice versa if using ≥ 1% as cutoff. According to our results, any other cutoff would be a better option with interrater agreement between pathologists in mind. A cutoff of 50% is well supported as clinically relevant in treatment studies. 10 Only few other studies have compared the four PD-L1 clones used as diagnostic tests in clinical trials. The industrial-academic cooperation named Blueprint project published their first comparative study testing the four assays on 39 lung cancer cases with interpretation of results by three expert pathologists. 11 The samples were in the majority of cases resected specimen and the staining was performed centrally at the vendor's facilities. In contrast to our study, they compared the agreement based on assay-specific cutoffs, for example, SP263 positivity defined with ≥ 25% cutoff versus 28-8 ≥ 1% cutoff. Therefore the results are not exactly comparable, but the conclusion that the use of the three antibodies 28-8, 22C3, and SP263 results in relatively similar staining patterns is in line with our results.
The German harmonization study tested the four antibody clones on 15 resected specimens, and the evaluation was performed by nine pathologists. 22 The two Dako assays with clone 28-8 and 22C3 showed similar scoring results. A larger study with 493 samples compared with the three antibody assays 28-8, 22C3, and SP263 has been presented. 23 These samples were annotated by only one pathologist, but a subset of 200 cases was also reevaluated by an independent rater. Although interpretation of the data is difficult, the general conclusion that the three assays are interchangeable can be drawn also from this study. The latest comparison was a multiinstitutional study including 90 resected cases evaluated by 13 pathologists. 24 Staining included the 28-8, 22C3 and SP142 assays, as well as clone E1L3N (Cell Signaling), but not the Ventana SP263 assay. Again, the assays 28-8 and 22C3 showed comparable staining patterns, although with significantly but slightly lower scores for 22C3. While the concordance between pathologists was generally very good for scoring of tumor cells, it was limited for scoring of immune cells.
Based on the results of the German harmonization trial, the study by Rimm and co-workers and our study we believe that the major challenge is not the assay compatibility but the variability between pathologists' assessment. 22, 24 Although we did not see a significant difference due to the pathologists' experience, our study with seven pathologist is possibly too small and not optimally structured to draw any conclusions whether training improves the intrinsic subjectivity of scoring immunohistochemical stainings. In our opinion, it is still preferable that pathologists experienced in thoracic pathology evaluate PD-L1 stainings in the clinical setting as familiarity with lung cancer and non-neoplastic cells in lung tissue is of obvious importance.
In our study, 16-44% of the cases showed any PD-L1 positivity, with SP263 exhibiting the highest number of positive cases and SP142 the lowest (though lymphocytes were not evaluated), in line with the German harmonization study. 22 More positive cases can probably be expected from evaluations on whole slides of resected tumors, but the number of positive cases seen here is lower than those in the published clinical trials, with 61-72% positive cases with evaluation mainly on biopsies. 4, 9, 25 The cause of this obvious difference is unclear. However, our results are in line with our clinical experience, with 40% positive cases of more than 100 unselective clinically tested lung adenocarcinomas at the Department of Pathology in Lund (28-8 Abcam on a Ventana Benchmark Ultra using ≥ 1% as cutoff).
Interestingly, the PD-L1 mRNA levels correlated with the immunohistochemistry scores for all assays. Although the overlap was not perfect, there was not a single distinct outlier showing strong mRNA levels but low PD-L1 protein levels or vice versa. This indicates that mRNA levels have also a potential as predictive biomarkers for PD-L1 immunotherapy. It would be possible to integrate PD-L1 mRNA levels in the newly developed multiplex gene expression assays applicable on small formalin-fixed paraffinembedded tissue biopsies. For example, the NanoString technique is already today used to identify fusion genes in lung cancer samples and the PD-L1 assessment could be easily and cost-effectively included in this analysis. However, it is known that lung cancer not expressing PD-L1 (o 1% positive cells) may respond to anti-PD-1 therapy, 25 and correlation to benefit of treatment (not assessed in the present study) also needs to be evaluated for mRNA.
In conclusion, our study confirmed the overall good concordance between the PD-L1 assays including clone 28-8, 22C3, and SP263, indicating that one of these tests may presently be sufficient as basis for treatment decision for nivolumab, pembrolizumab and durvalumab. The improvement of interrater agreement remains an important challenge, and the ≥ 1% cutoff for a positive test seems to be the most problematic issue. This may hopefully be overcome by factors such as better training, longer assay experience and/or cutoff optimization.
